Vertically aligned mesoporous carbon nanotubes (MCTs) filled with Co 3 O 4 nanoparticles (NPs) were fabricated by a dual template method; a hard template-assisted sol-gel process. The Co 3 O 4 /MCT electrode was characterized by scanning electron microscopy, transmission electron microscopy and X-ray diffraction. The data indicate that the Co 3 O 4 NPs are dispersed uniformly on the inside surface of the MCT. As an anode material for a Li ion battery, the resulting electrode shows a high reversible capacity of about 627 mA h g −1 after the 50th discharge. The improved electrochemical performance of Co 3 O 4 /MCT can mainly be attributed to the small-size Co 3 O 4 NPs and the rapid diffusion of Li-ions induced by the three-dimensional structure of the MCT. The Co 3 O 4 /MCT electrode has the potential for use as a high-performance anode electrode for Li-ion batteries.
Introduction
Nano-size transition metal oxides are considered to be promising anode materials for use in Li-ion batteries [1] . Among these oxides, Co 3 O 4 was reported to show a high theoretic reversible specific capacity of 890 mA h g −1 [2] . The low electrical conductivity and large volume change, however, that occurs during charge/discharge cycling result in poor capacity retention. In order to overcome these problems, hybridizing Co 3 O 4 nanoparticles (NPs) with conducting matrices having different morphological structures represents a potentially effective solution to the problem [3] . Moreover, three-dimensional (3-D) structured electrodes have recently attracted considerable interest because of their ability to increase energy density and their high-rate discharge capabilities, in that such 3-D architectures not only increase the amount of active material within a given footprint area but also shorten the diffusion length path of Li ions [4] . In addition, a 3-D mesoporous structure combined with a 1-D morphology is interest because the interconnected pore network would facilitate access of the electrolyte [5, 6] . In view of the 3-D nanostructured electrode design, ଝ This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution and reproduction in any medium, provided the original author and source are credited.
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hybridizing Co 3 O 4 NPs with a mesoporous carbon nanotube is attractive because the carbon framework has a large surface area for finely dispersing Co 3 O 4 NPs, high electrical conductivity for providing electrical pathways, highly developed mesoporosity for facile diffusion of electrolyte, and electrochemical stability for long term operation.
In this study, we report on the synthesis of 3-D mesoporous carbon nanotubes (MCT) filled with Co 3 O 4 NPs (Co 3 O 4 /MCT) aligned directly onto a current collector (Cu) as an anode electrode for Li-ion batteries. The Co 3 O 4 /MCT was prepared by the co-self-assembly of Pluronic F127, a resorcinol-formaldehyde polymer and Co(NO 3 ) 2 in the pores of the anodic aluminum oxide (AAO) membrane. The electrochemical tests demonstrate that the Co 3 O 4 /MCT electrode show enhanced reactivity in capacity due to the three-dimensional structure of the MCT framework filled with well-dispersed Co 3 O 4 NPs.
Experimental

Synthesis of a Co 3 O 4 /MCT electrode
The Co 3 O 4 /MCT electrode was prepared by the co-self-assembly of a phenol resol, Pluronic F127 and Co(NO 3 ) 2 ·6H 2 O in the pores of the AAO template, followed by carbonization, oxidation, and etching of the AAO template. The phenolic resol precursor was prepared by polymerizing 0.61 g of phenol and 1.05 g of formaldehyde (37 wt%) containing 0.39 g of formalin by a base-catalyzed process, following a previously described procedure [7] . A 0.34 g sample of the triblock copolymer F127 was dissolved in 10 mL of ethanol. A 1 mL aliquot of the resol precursor solution in ethanol was then added. After stirring for 30 min, a homogeneous solution was produced. A 1.2 g of Co(NO 3 ) 2 ·6H 2 O was added to a stirred resol precursor and F127 in the ethanol for over a 30 min period. The homogeneous precursor sol infiltrated the channels of the AAO membrane (Anodisc TM , Whatman) with average channel diameters of 100 nm and a thickness of approximately 60 m. The precursor sol was converted into a gel during the evaporating of ethanol at ambient temperature and the resulting membrane was then heated in an oven at 120 • C for 4 h. The composite membrane was calcined at 650 • C at a heating rate of 1 • C min −1 for 4 h under a stream of argon to decompose the surfactant molecules and carbonize the mesoporous walls. The sample was then oxidized in air at 270 • C for 3 h. An oxidation was then performed in air at 270 • C for 3 h. The Cu thin film was deposited on the composite membrane by vacuum thermal evaporation using a high purity Cu pellet (99.999 wt% pure, Materion) in a tungsten crucible. Before the evaporation, a pressure of about 8.0 × 10 −4 Torr was reached in the chamber. The deposition rate was 0.5-1.0 nm s −1 and the final thickness of the film was 0.5 m. A quartz crystal microbalance was employed to control the growth rate of the film. The Co 3 O 4 /MCT electrode on the Cu thin film were released by an etching AAO template by immersing the sample in a 5 M H 3 PO 4 aqueous solution for 10 h, followed by washing with deionized water and ethanol several times. To compare the electrochemical performance, MCT, Co 3 O 4 /carbon nanotubes (CT) and Co 3 O 4 nanotubes (NT) were prepared by the same procedure without Co(NO 3 ) 2 , F127 and phenolic resols, respectively.
Characterizations
The Co 3 O 4 /MCT electrode was characterized by field-emission scanning electron microscopy (SEM, Carl Zeiss, SUPRA-55VP) and high-resolution transmission electron microscopy (HR-TEM, Jeol, JEM-3010). Wide angle X-ray diffraction (XRD) patterns were obtained using a M18XHF-SRA diffractometer (MAC Science). The weight ratios of the samples were determied using a thermogravimetric analyzer (TGA, Versa Therm, Thermo Scientific). Approximately 1 mg of powdered sample was heated in air (100 mL min −1 ) with a heating rate of 5 When the Co 3 O 4 /MCT electrode is aligned directly onto the current collector, the use of conductive additives and binders are not needed. Electrochemical characterization was performed using coin-type half cells (2032 type) prepared in argon-filled glove box that contained an electrode, Li metal foil (Alfa aesar) as both the reference and counter electrodes, a microporous polyethylene separator, and an electrolyte solution of 1 M LiPF 6 in 1:1 w/w ethylene carbonate: diethyl carbonate (Panax e-tec). The cells were discharged (Li-ion insertion) and charged (Li-ion extraction) at a current density of 100 mA g −1 in an electrode potential range from 0.01 to 3.0 V (vs. Li/Li + ) using a battery tester (WBCS3000, Wonatech). Electrochemical impedance spectroscopy (EIS, ZIVE SP2, Wonatech) measurements were performed over a frequency rate of 200 kHz to 10 mHz at different charge-discharge stages by applying an AC signal of 5 mV. All measurements were carried out after the cells being discharged to 50% state of discharge.
Results and discussion
The Co 3 O 4 /MCT electrode was prepared by a dual-template strategy, combining a hard-template and a soft-template, via a one-step co-self-assembly procedure. A commercially available AAO membrane was used as the hard template (Scheme 1(a)). The precursor sol infiltrated the pores of the AAO membrane. During the evaporation of ethanol at room temperature, the resol/F127/Co(NO 2 ) 3 composite was transformed into an ordered liquid crystalline mesophase in the channels of the AAO template by the self-assembly of block copolymers (F127). The self-assembly of the composite was essentially driven by hydrogen bonding interactions between the resol and F127 [8] . The mesophase was subsequently converted into a solid by heating the preparation to 120 • C (Scheme 1(b) ). Upon carbonization, the F127 soft template was removed by heating at 350 • C and the polymers were transformed into carbon by heating at a temperature of 650 • C. The Co 3 O 4 NPs were prepared by thermal decomposition of Co 2+ ions, followed by annealing at 270 • C in air. The Co 3 O 4 /MCT composite embedded in the AAO template were directly assembled with a Cu thin film employed as a current collector (Scheme 1(c)) and the AAO template was then removed (Scheme 1(d)). Fig. 2 displays SEM images and HR-TEM images of the Co 3 O 4 /MCT electrode prepared by the dual-templating process. The lengths of the Co 3 O 4 /MCT typically exceeded tens of micrometers. The strong interaction between the resin polymer and the inner wall surface of the AAO via hydrogen bonding results in the formation of a nanotube type of structure inside the AAO template during the high temperature carbonization [8] . Partial openings which exist on the outside wall of the MCT confirm that the inside of the MCT contains void spaces (Fig. 2(a) ). The surface of the Co 3 O 4 /MCT is not smooth due to presence of the mesopore structure and the inside of the MCT is filled with Co 3 O 4 NPs (Fig. 2(b) ). Bubble-like macropores on the outside of the MCT can be formed from small air bubbles that were trapped in the AAO channels during the self-assembly process (Fig. 2(c) ) [8] . The Co 3 O 4 NPs, which were uniformly dispersed on the inside of the MCT, have an average diameter of about 10-20 nm, can be identified through the macropore on the outside wall of the MCT (Fig. 2(d) ). The electrode potential profiles of the Co 3 O 4 /MCT and Co 3 O 4 NT electrode for different cycles at a current density of 0.1 A g −1 are shown in Fig. 3(a) . The lithiation plateau of the Co 3 O 4 /MCT is not well defined as that for the Co 3 O 4 NT. This can be attributed to the decrease in crystallinity of the Co 3 O 4 embedded in the carbon framework of MCT [10] . The first discharge and charge capacities are 2147 and 1037 mA h g −1 for Co 3 O 4 /MCT and 1284 and 683 mA h g −1 for Co 3 O 4 NT. The initial capacity loss may result from an incomplete conversion reaction resulting from an irreversible lithium loss due to the formation of the SEI layer [11] . The high capacity particulate composite electrodes with porous morphologies undergo irreversible reactions following electrolyte exposure [12] . After the second cycle, the Co 3 O 4 /MCT electrode shows a better electrochemical lithium storage performance and capacity retention than the Co 3 O 4 NT electrode. These electrodes have different mechanical stabilities and electron conductivities by presence of carbon which provides a stable framework, resulting in efficient electron transport [13] . Fig. 3(b) presents the differential capacity curves for the Co 3 O 4 /MCT and Co 3 O 4 NT electrodes measured during the first cycle. The reduction peaks (at 1.67 V and 2.01 V) and the oxidation peak (at 0.92 V) and for Co 3 O 4 /MCT electrodes and the reduction peaks (at 1.47 V and 2.07 V) and oxidation (at 1.0 V) for Co 3 O 4 NT electrodes were observed, which can be attributed to the reaction of Li with Co 3 O 4 [14] . In addition, a broad oxidation peak appearing below 0.5 V and at 1.65 V in the case of the Co 3 O 4 /MCT electrodes was observed, which was absent in the case of the Co 3 O 4 NT electrode. This peak is mainly the result of the formation of a surface electrolyte interface (SEI) layer on the carbon surface and the insertion of lithium into the amorphous carbon, indicating that the carbon in the Co 3 O 4 /MCT is also electroactive for Li storage [15] . Fig. 3(c) The Co 3 O 4 /MCT electrode shows moderate capacity fading behavior in the first 10 cycles, followed by relatively flat and low capacity fading behavior for the next 50 cycles with an irreversible capacity loss of less than 0.4% per cycle. The higher discharge capacity of Co 3 O 4 /MCT than theoretical capacity during the initial 10 cycles is related to the increased charge storage within the polymeric surface layer [16, 17] . The higher surface areas of the small sized Co 3 O 4 NPs that are homogeneously distributed in the pore wall of the MCT without agglomeration, permits an increase in the extent of the polymeric surface layer [18] . The discharge capacity of the Co 3 O 4 /MCT electrode remained at 627 mA h g −1 after 50 cycles. In contrast, in the case of the specific capacity of the Co 3 O 4 /CT electrode, without a mesoporous structure, the Co 3 O 4 NT electrode drops to 245 mA h g −1 and 70 mA h g −1 , respectively. [19] [20] [21] . The co-self-assembly process involving cobalt nitrate and resol results in the cross-linking of the resol with a polycarboxylate moiety that is chelated to Co 2+ ions. The subsequent in situ carbonthermal reduction and oxidation leads to the generation of Co 3 O 4 NPs embedded in the pore walls of the mesoporous carbon matrix [22] . Although the Co 3 O 4 /CT electrode prepared without a soft template is coated with carbon, the Co 3 O 4 NPs underwent aggregation without a confinement effect in the carbon framework, which may induce a large volume change during the electrode reactions. The repetitive decomposition and formation of a SEI film as the result of volume change may result in poor electronic contact [23] . Fig. 4 (b) exhibits a plot of the real component of the impedance determined by impedance spectroscopy as a function of the inverse square root of the angular frequency (ω) for an electrode. Linear behavior was observed for frequency values ranging from 0.2 Hz to 0.02 Hz with a slope of ( s 1/2 ). EIS can be used to determine the diffusion coefficient of a Li-ion (D Li ) in the electrode material according to the following equation [22] :
where R is the gas constant, T is the absolute temperature, A is the active surface area of the electrode, n is the number of electrons per molecule during reaction, F is the Faraday constant, C is the concentration of Li + ion, and is the Warburg prefactor. The warburg prefactor ( ) is related to Warburg impedance Z w , and can be calculated using the equation shown below
The apparent diffusion coefficients for the Co 3 O 4 /MCT electrode, calculated from the slope of the linear fit, was deteremined to be 1.8 × 10 −12 cm 2 s −1 . This value is approximately seven times higher than that for the Co 3 O 4 /CT electrode composite, where D Li is 2.6 × 10 −13 cm 2 s −1 . These results suggest that the mesoporous structure of the MCT facilitates the penetration of the electrolyte, which results in a more thorough activation of the inside the Co 3 O 4 NPs.
Conclusion
A Co 3 O 4 /MCT electrode is prepared by a dual templating method via the hard template of an AAO membrane together with the soft template of a block copolymer surfactant F127 for use as an anode electrode in Li-ion batteries. The Co 3 O 4 /MCT electrode shows a higher reversible capacity of about 627 mA h g −1 after 50 cycles, compared with a Co 3 O 4 /CT electrode. These results suggest that the improved electrochemical performance of the Co 3 O 4 /MCT electrode is induced by 3-D nanostructured MCT in which small Co 3 O 4 NPs are finely dispersed. This structure of MCT acts as a highly conductive current collector, and provides an efficient void space to buffer the volume expansion that occurs during the reaction and serves as a pathway for continuous electrolyte transport. Therefore, the 3-D nanostructured MCT can be widely applied to other promising conversion reaction electrodes to improve their electrochemical performance.
